In this paper, we demonstrate the practicality and feasibility of the flash light-sintering method to fabricate the ceramic material perovskite structure for lanthanum nickel oxide (LaNiO 3 ; LNO) thin films using flash light irradiation equipment. LNO thin films are deposited on an Si wafer and Al 2 O 3 substrate via the chemical solution deposition (CSD) method and sintered by a thermal and flash light-irradiation process with a bottom heater. The properties of flash light-sintered LNO thin films are compared with those of thermally sintered films. The surface morphology, crystal development, and electric conductivity of the LNO thin films are measured by field-emission scanning electron microscope (FE-SEM), X-ray diffraction (XRD), and a four-point probe, respectively. Flash light sintering was accomplished in milliseconds. Through the comparison of thermal sintering and flash light-sintering results, it was confirmed that perovskite LNO thin films deposited by the CSD method can be fabricated by flash light sintering. We show that the flash light sintering method can solve several inherent issues of the conventional thermal sintering method.
Introduction
The ABO 3 perovskite structured ceramic materials have been studied as functional materials in various energy conversion and storage devices, including solid oxide fuel cells, ferroelectric capacitors, and piezoelectric power generators. These oxide materials have been studied over the past few decades in various disciplines with respect to the suitability of properties for energy device applications such as high catalytic activity for oxygen reduction, electric conductivity, and microstructural stability [1] [2] [3] [4] [5] [6] [7] [8] [9] . Since various ions can be structurally located in the perovskite structure, this material exhibits special characteristics, as mentioned above, which depend on the variety of cations located at the A and B sites, e.g., La 1−x Sr x CoO 3−d , La 1−x Sr x MnO 3−d , LaNiO 3 , and La 1−x Sr x C 0.5 F 0.5 . In the perovskite structure, larger cations occupy the A site on the corners, and smaller B site cations are located at the center of the body. The oxygen ions are located at the centers of the faces. Since perovskite structures can accept various materials at the A and B sites as dopants, this diversity can provide improved specific properties for application such as electronic and ionic conductivity and material stability [10] [11] [12] [13] [14] [15] . Rare earth ABO 3 perovskite oxide materials (R = La, Pr, Nd, Sm) have superior material properties, and lanthanum nickel oxide (LaNiO 3 , LNO) is an especially promising functional oxide material. Since LNO contains the rare earth element lanthanum and three-dimensional (3D) transition metals Ni 3+
Experiment
The precursor solution was synthesized using the metal organic precursors La(NO 3 ) 3 ·6H 2 O and Ni(CH 3 COO) 2 ·4H 2 O as starting materials, 2-methoxy ethanol (MOE) as a solvent, and acetylacetone (Acac) as the chelating agent. La(NO 3 ) 3 ·6H 2 O and Ni(CH 3 COO) 2 ·4H 2 O were dissolved in 2-methoxy ethanol and stirred at 115 • C for 15 min. The two solutions were cooled to 80 • C and reheated to 115 • C after mixing. The detailed solution manufacturing method is depicted in Figure 1 . The lanthanum and nickel metal molar ratio was La:Ni = 1:1. Acetylacetone was added to the mixture and stirred at 115 • C for 30 min. The mixed solution was stirred at 60 • C for 2.5 h, cooled at room temperature, and stirred for 2.5 h before deposition [32] . The final molar ratio of solution was La:Ni:MOE:Acac = 1:1:50:2 [23] . The metal precursor solution concentration was 0.4 M.
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Results and Discussion
The microstructure and thickness of the thermally sintered LNO films were analyzed by FE-SEM. Surface and cross-sectional images of the thermal sintered LNO thin film layers are shown in Figure 3 . The CSD method has the advantages of a uniform thin film quality with a constant deposition thickness and relatively low sintering temperature. We obtained about 250-nm thick LNO films by repeating the spin coating process, as shown in Figure 3f , where the uniform and flat layers seem to have good connectivity between laminated layers. To investigate the effect of sintering temperature on surface morphology, the LNO thin films were sintered at 700-1100 • C. A nanoporous structure may arise from the decomposition of organic residues. When thermal energy was applied at the beginning of the process, the pores and grains appeared. As the sintering temperature increases, the grains can be identified and grow in FE-SEM images. The LNO thin films become porous at 700-900 • C and gradually show grain growth, resulting in a dense film, as described in Figure 3 . As the sintering temperature increases, grain growth in the LNO thin films is observed. The surface morphology of the sintered film at 700 • C ( Figure 3a ) has tens of nanometer-sized pores and nanoscale grains as the necking of particles. It seems that the film surface sintered at 800 • C ( Figure 3b ) showed grain growth and increased pore size compared to that sintered at 700 • C. Figure 3c of the film surface sintered at 900 • C confirms that grain growth due to the increase in sintering temperature was prominent, and that the area of overall pores decreased from 700 to 900 • C. Furthermore, when the LNO thin films were sintered at 1000 and 1100 • C, the pores disappeared due to grain growth (Figure 3d ,e). Surface morphology analysis viewed via FE-SEM showed that, as the sintering temperature increased, we confirmed that the porosity and the grain growth on the surfaces decreased. In addition, necking between particles increased, and grains were observed due to growth. The material properties of surface and cross-sectional morphology and crystal development and the electrical property of sheet resistance of the LNO films sintered by thermal and light irradiation were analyzed. We used field emission scanning electron microscopy (FE-SEM; JSM-6701F, JEOL Ltd., Akishima, Japan) and X-ray diffraction (XRD; D8-Advance, Bruker, Billerica, MA, USA) for material characterization. The DC 4-probe method used a Keithley 2400 source meter (Keithley Instruments Inc., Cleveland, OH, USA) for electrical property analysis at room temperature.
The microstructure and thickness of the thermally sintered LNO films were analyzed by FE-SEM. Surface and cross-sectional images of the thermal sintered LNO thin film layers are shown in Figure 3 . The CSD method has the advantages of a uniform thin film quality with a constant deposition thickness and relatively low sintering temperature. We obtained about 250-nm thick LNO films by repeating the spin coating process, as shown in Figure 3f , where the uniform and flat layers seem to have good connectivity between laminated layers. To investigate the effect of sintering temperature on surface morphology, the LNO thin films were sintered at 700-1100 °C. A nanoporous structure may arise from the decomposition of organic residues. When thermal energy was applied at the beginning of the process, the pores and grains appeared. As the sintering temperature increases, the grains can be identified and grow in FE-SEM images. The LNO thin films become porous at 700-900 °C and gradually show grain growth, resulting in a dense film, as described in Figure 3 . As the sintering temperature increases, grain growth in the LNO thin films is observed. The surface morphology of the sintered film at 700 °C ( Figure 3a ) has tens of nanometer-sized pores and nanoscale grains as the necking of particles. It seems that the film surface sintered at 800 °C ( Figure  3b ) showed grain growth and increased pore size compared to that sintered at 700 °C. Figure 3c of the film surface sintered at 900 °C confirms that grain growth due to the increase in sintering temperature was prominent, and that the area of overall pores decreased from 700 to 900 °C. Furthermore, when the LNO thin films were sintered at 1000 and 1100 °C, the pores disappeared due to grain growth (Figure 3d ,e). Surface morphology analysis viewed via FE-SEM showed that, as the sintering temperature increased, we confirmed that the porosity and the grain growth on the surfaces decreased. In addition, necking between particles increased, and grains were observed due to growth. Lanthanum nickel oxide (LNO) has a perovskite and Ruddlesden-Popper (RP) structure. As the sintering temperature increases in the perovskite crystal structure above 900 °C, it is transformed to the RP structure of Lan+1NinO3n+1 (n = 3, 2, and 1). Ruddlesden-Popper structures consist of perovskite Lanthanum nickel oxide (LNO) has a perovskite and Ruddlesden-Popper (RP) structure. As the sintering temperature increases in the perovskite crystal structure above 900 • C, it is transformed to the RP structure of La n+1 Ni n O 3n+1 (n = 3, 2, and 1). Ruddlesden-Popper structures consist of perovskite (LaNiO 3 ) and LaO layers. The structures emerge from the La 4 Ni 3 O 10 (n = 1) materials from the reaction of LaNiO 3 with NiO and gradually transfer the phase in the direction of decreasing number n (n = 3, 2, and 1) [34] . Figure 4 shows XRD patterns of the perovskite and RP crystallinity development of LNO thin films after thermal sintering in the 700 to 1100 • C temperature range. In Figure 4a , the XRD pattern indicates perovskite crystallinity development at a sintering temperature of around 700-900 • C. The difference in the intensity of the perovskite crystal development peaks showed little difference among sintering temperatures. As the sintering temperature increased from 700 to 900 • C, the intensity of the perovskite crystal development slightly increased. However, when the sintering temperature increased, nickel oxide (NiO) peaks were expressed in addition to the perovskite crystalline peaks. The observed peak for NiO in the XRD pattern confirmed the phase transition from the perovskite to the RP structure. Figure 4b confirms that the sintered material was transformed into La 4 Ni 3 O 10 when sintered at 1000 and 1100 • C. (LaNiO3) and LaO layers. The structures emerge from the La4Ni3O10 (n = 1) materials from the reaction of LaNiO3 with NiO and gradually transfer the phase in the direction of decreasing number n (n = 3, 2, and 1) [34] . Figure 4 shows XRD patterns of the perovskite and RP crystallinity development of LNO thin films after thermal sintering in the 700 to 1100 °C temperature range. In Figure 4a , the XRD pattern indicates perovskite crystallinity development at a sintering temperature of around 700-900 °C. The difference in the intensity of the perovskite crystal development peaks showed little difference among sintering temperatures. As the sintering temperature increased from 700 to 900 °C, the intensity of the perovskite crystal development slightly increased. However, when the sintering temperature increased, nickel oxide (NiO) peaks were expressed in addition to the perovskite crystalline peaks. The observed peak for NiO in the XRD pattern confirmed the phase transition from the perovskite to the RP structure. Figure 4b confirms that the sintered material was transformed into La4Ni3O10 when sintered at 1000 and 1100 °C. The resistivity of thermally sintered LNO thin films was measured by the DC four-point probe method at room temperature, which measures the sheet resistance (Ω/square) of thin films. The resistivity values of the thin films were calculated using the correction factor, sample size, and thickness of the layer. The change in the resistivity of the LNO thin films with changes in sintering temperature from 500 to 1100 °C is depicted in Figure 5 . When sintering was carried out at 500 °C, the LNO thin films had high resistivity, because the organics and residues were not completely decomposed, and perovskite crystallization was underdeveloped for the desired electrical property of the film. The lowest resistivity value of the LNO thin films was 6.26 × 10 −4 -6.8 × 10 −4 Ω·cm in the sintering temperature range of 600 to 700 °C. This temperature range is optimal for producing the lowest resistivity of LNO thin films. When the sintering temperature increased further, the resistivity tended to increase. As depicted in Figure 4b , the LNO perovskite structure phase transformed to the RP structure, indicating that the RP LNO thin films had lower electric conductivity than the perovskite structure. Therefore, the resistivity of LNO thin films gradually increased with the increasing thermal sintering temperature. The resistivity of thermally sintered LNO thin films was measured by the DC four-point probe method at room temperature, which measures the sheet resistance (Ω/square) of thin films. The resistivity values of the thin films were calculated using the correction factor, sample size, and thickness of the layer. The change in the resistivity of the LNO thin films with changes in sintering temperature from 500 to 1100 • C is depicted in Figure 5 . When sintering was carried out at 500 • C, the LNO thin films had high resistivity, because the organics and residues were not completely decomposed, and perovskite crystallization was underdeveloped for the desired electrical property of the film. The lowest resistivity value of the LNO thin films was 6.26 × 10 −4 -6.8 × 10 −4 Ω·cm in the sintering temperature range of 600 to 700 • C. This temperature range is optimal for producing the lowest resistivity of LNO thin films. When the sintering temperature increased further, the resistivity tended to increase. As depicted in Figure 4b , the LNO perovskite structure phase transformed to the RP structure, indicating that the RP LNO thin films had lower electric conductivity than the perovskite structure. Therefore, the resistivity of LNO thin films gradually increased with the increasing thermal sintering temperature. Figure 6 . As depicted in Figure 6f , the deposition process was carried out for an LNO thin film thickness of 248.1 nm. The surface morphology of the flash light-sintered LNO thin films showed smaller nanopores and grain sizes at 60-80 J/cm 2 , as shown in Figure 6a ,b. Also, as the energy density increased to 130 J/cm 2 , grain growth was observed and filled the nanopores. However, the grain size of the flash light-sintered LNO thin films was a little smaller than that of the thermally sintered films. In comparison with the thermally sintered microstructure, there are few differences in the microstructure of the grain growth. The XRD analysis was conducted to compare the perovskite crystal development of the flash lightsintered films with those thermally sintered. Figure 7 presents the XRD pattern of flash lightirradiated perovskite LNO thin films at energy densities of 60, 80, and 100 J/cm 2 , respectively. The XRD patterns show that the flash light-sintered LNO thin films have equal perovskite crystallinity, regardless of the energy condition. The XRD pattern of light-sintered LNO thin films did not produce a secondary phase at 60 to 100 J/cm 2 . The XRD analysis showed that flash light sintering can produce perovskite crystallinity and show similar peak intensity to that of thermal sintering. Figure 6 . As depicted in Figure 6f , the deposition process was carried out for an LNO thin film thickness of 248.1 nm. The surface morphology of the flash light-sintered LNO thin films showed smaller nanopores and grain sizes at 60-80 J/cm 2 , as shown in Figure 6a ,b. Also, as the energy density increased to 130 J/cm 2 , grain growth was observed and filled the nanopores. However, the grain size of the flash light-sintered LNO thin films was a little smaller than that of the thermally sintered films. In comparison with the thermally sintered microstructure, there are few differences in the microstructure of the grain growth. The XRD analysis was conducted to compare the perovskite crystal development of the flash light-sintered films with those thermally sintered. Figure 7 presents the XRD pattern of flash light-irradiated perovskite LNO thin films at energy densities of 60, 80, and 100 J/cm 2 , respectively. The XRD patterns show that the flash light-sintered LNO thin films have equal perovskite crystallinity, regardless of the energy condition. The XRD pattern of light-sintered LNO thin films did not produce a secondary phase at 60 to 100 J/cm 2 . The XRD analysis showed that flash light sintering can produce perovskite crystallinity and show similar peak intensity to that of thermal sintering. For more accurate comparative analysis of the thermal annealing and the flash light processes, the resistivity of the flash light-sintered LNO thin films was measured by the DC four-point probe at room temperature, which is the same measurement condition as the thermally sintered samples. The change in the resistivity of the LNO thin films with the change in energy density is depicted in Figure  8a . Flash light sintering was carried out by changing the total energy density (J/cm 2 ) as the difference of charge voltage with a fixed on time, off time, and number of pulses. Compared with thermally sintered thin film resistivity, that of flash light-sintered film has a similar tendency. However, when irradiated as energy density increased from 50 to 60 J/cm 2 , the resistivity value sharply decreased from 201.31 × 10 −4 to 10.73 × 10 -4 Ω·cm. Although the energy density increased, the resistivity remained constant. When the irradiation energy was raised to 100 J/cm 2 , the resistivity increased. These results indicate that resistivity should consider the effects of surface microstructure, crystallinity, and thin film thickness.
In the analysis of XRD results, it was observed that changes in peak intensity or other phases did not occur at 60, 80, or 100 J/cm 2 . Therefore, the slight difference of the resistivity value of the thermally sintered and flash-sintered thin films appears to be due to the differences in the microstructure and thickness of the films. The sheet resistance of the thin films tends to gradually decrease as the thickness of the thin film increases and converges to a minimum resistance at about 230-250 nm. The For more accurate comparative analysis of the thermal annealing and the flash light processes, the resistivity of the flash light-sintered LNO thin films was measured by the DC four-point probe at room temperature, which is the same measurement condition as the thermally sintered samples. The change in the resistivity of the LNO thin films with the change in energy density is depicted in Figure  8a . Flash light sintering was carried out by changing the total energy density (J/cm 2 ) as the difference of charge voltage with a fixed on time, off time, and number of pulses. Compared with thermally sintered thin film resistivity, that of flash light-sintered film has a similar tendency. However, when irradiated as energy density increased from 50 to 60 J/cm 2 , the resistivity value sharply decreased from 201.31 × 10 −4 to 10.73 × 10 -4 Ω·cm. Although the energy density increased, the resistivity remained constant. When the irradiation energy was raised to 100 J/cm 2 , the resistivity increased. These results indicate that resistivity should consider the effects of surface microstructure, crystallinity, and thin film thickness.
In the analysis of XRD results, it was observed that changes in peak intensity or other phases did not occur at 60, 80, or 100 J/cm 2 . Therefore, the slight difference of the resistivity value of the thermally sintered and flash-sintered thin films appears to be due to the differences in the microstructure and thickness of the films. The sheet resistance of the thin films tends to gradually decrease as the thickness of the thin film increases and converges to a minimum resistance at about 230-250 nm. The For more accurate comparative analysis of the thermal annealing and the flash light processes, the resistivity of the flash light-sintered LNO thin films was measured by the DC four-point probe at room temperature, which is the same measurement condition as the thermally sintered samples. The change in the resistivity of the LNO thin films with the change in energy density is depicted in Figure 8a . Flash light sintering was carried out by changing the total energy density (J/cm 2 ) as the difference of charge voltage with a fixed on time, off time, and number of pulses. Compared with thermally sintered thin film resistivity, that of flash light-sintered film has a similar tendency. However, when irradiated as energy density increased from 50 to 60 J/cm 2 , the resistivity value sharply decreased from 201.31 × 10 −4 to 10.73 × 10 −4 Ω·cm. Although the energy density increased, the resistivity remained constant. When the irradiation energy was raised to 100 J/cm 2 , the resistivity increased.
These results indicate that resistivity should consider the effects of surface microstructure, crystallinity, and thin film thickness.
In the analysis of XRD results, it was observed that changes in peak intensity or other phases did not occur at 60, 80, or 100 J/cm 2 . Therefore, the slight difference of the resistivity value of the thermally sintered and flash-sintered thin films appears to be due to the differences in the microstructure and thickness of the films. The sheet resistance of the thin films tends to gradually decrease as the thickness of the thin film increases and converges to a minimum resistance at about 230-250 nm. The spin-coated layers are very thin after one deposition cycle. The change in the thickness of the thin film with the number of spin-coating cycles and the change in resistivity in accordance with thickness are shown in Figure 8b . FE-SEM cross-sectional images show a gradual increase of film thickness as the number of spin-coating processes increases in Figure 9 . It was necessary to laminate the deposited films several times to achieve a thickness of 230 nm. However, in certain cases, the thickness is slightly increased, rather than increasing linearly, or a slightly thinner layer may be deposited. For this reason, a change in resistivity may be observed.
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Conclusions

In this study, we demonstrated a novel flash light sintering method for chemical solution-deposited LNO thin films compared with thermally sintered LNO thin films characterized by FE-SEM, XRD, and four-point probe. The fabricated LNO thin films should have electrical conductivity and be able to function as an electron-conducting composite for various applications, including energy devices with a uniform film quality. The resistivity values of the thermally and flash light-sintered LNO thin films under each of the sintering conditions are shown in Figure 11 . The resistivity of the LNO thin films after sintering have similar values at each of the three points. The lowest resistivity of the thermally and light-sintered LNO thin films is 6.26 × 10 −4 and 9.923 × 10 −4 Ω·cm, respectively. Although the thermally-sintered LNO thin films have lower resistivity than light-sintered films, they have approximately the same resistivity values. Therefore, the results of this study indicate that the flash light-sintering method significantly reduces the sintering time from tens of hours to milliseconds for the fabrication of perovskite LNO thin films.
